Introduction
Resistin is a 12.5 kDa peptide produced by numerous tissues in humans, including inflammatory cells (Holcomb et al., 2000; Stumvoll and Haring, 2002) . The resistin gene is located on chromosome 19p13 (Steppan et al., 2001) . The resistin peptide has been demonstrated to have a role in the regulation of glucose tolerance in mice (Steppan et al., 2001; Banerjee et al., 2004) . Initially, resistin was studied as a possible link between adiposity and insulin resistance in humans. However, the association between resistin circulating levels and obesity and type 2 diabetes-related phenotypes is unclear (McTernan et al., 2002; Azuma et al., 2003; Silha et al., 2003; Yannakoulia et al., 2003) . Recent reports have found a more consistent association between resistin and inflammatory markers (Lehrke et al., 2004; Bo et al., 2005) .
The baboon has been used as a model for the study of obesity and insulin resistance due to its genetic and physiologic similarity to humans (Rogers et al., 2000; Banks et al., 2003; Chavez et al., 2008) . In both humans and baboons the metabolic response to an increase in body weight is characterized by augmentation of body fat percentage, circulating levels of insulin, insulin resistance, glucose, lipids and lower levels of adiponectin (Banks et al., 2003; Comuzzie et al., 2003; Tejero et al., 2004; Chavez et al., 2008) . The baboon resistin (RETN) cDNA sequence is very similar to the reported human sequence (96% identical) (Tejero et al., 2005) . Circulating levels of this protein are similar between the two species. As observed in some human studies, resistin is expressed in baboon adipose tissue and mononuclear cells, and is not associated with body weight (Tejero et al., 2004 (Tejero et al., , 2005 .
Circulating levels of human resistin protein and RETN mRNA expression in baboon omental adipose tissue are both heritable, (41 and 24%, respectively) (Tejero et al., 2005; Menzhagi et al., 2006) . Previously, our group identified a significant logarithm of odds (LOD) score of 3.8 on chromosome 19p13 for RETN mRNA levels in omental adipose tissue of baboons (Papio hamadryas), indicating that the gene or genes influencing this trait are located in this chromosomal region (Tejero et al., 2005) .
About 80% of the genes in the human genome are expressed in blood cells. The application of microarray technology to study the transcriptome in circulating cells has allowed the exploration of gene expression in lymphocytes as a possible surrogate for other tissues (Burczynski and Dorner, 2006; Liew et al., 2006) . In the present study, we conducted a genome-wide scan analysis using RETN mRNA levels in lymphocytes in Mexican Americans from the San Antonio Family Heart Study (SAFHS) Gö ring et al., 2007) and compared these results to those we had previously obtained from the baboon using adipose tissue.
Materials and methods

Study population
Human study: The SAFHS cohort included 1240 individuals from 42 extended families (including first-, second-and third-degree relatives) of randomly ascertained probands in San Antonio, TX, USA. The study population has been described in detail elsewhere . Lymphocytes were collected from a fasting blood sample for the expression assay. During a second assessment of this population (approximately 10 years later) blood was drawn under fasting conditions and plasma was separated and stored at À80 1C for analysis of circulating levels of resistin protein.
Baboon study: The linkage analysis was conducted in 404 adult, pedigreed baboons. Biopsies of omental adipose tissue and blood were collected under fasting conditions and frozen for further analyses. Baboon resistin cDNA was cloned and sequenced for use in the development of the expression assay. Resistin mRNA levels in omental adipose tissue were measured by realtime, quantitative RT-PCR (reverse transcription-PCR). Details on the study sample and methods have been described previously (Tejero et al., 2005) .
Biochemical analyses
Resistin protein quantification was conducted in fasting plasma of a sub-sample of 594 participants from the SAFHS and in 450 baboons (Proffitt et al., unpublished) . Samples were assayed with the multiplex kit by Linco Research (Lake Charles, MO, USA).
Genotyping
Microsatellite genotyping was performed in the SAFHS by PCR using fluorescently-labeled primer pairs from the MapPairs Human Screening Set, versions 6 and 8 (Research Genetics, Huntsville, AL, USA) on lymphocyte-derived DNA samples from study participants. The PCR products were pooled into multiplex panels for genotype calling on an automated DNA sequencer (model 377 with Genescan 672 and Genotyper software programs; Applied Biosystems Inc., Foster City, CA, USA). Individuals were genotyped at 432 highly polymorphic microsatellite markers, distributed with average inter-marker spacing of o10 cM across all 22 autosomes.
Genotyping of the baboon study has been described elsewhere (Tejero et al., 2005) .
Isolation of lymphocytes from fresh blood
Lymphocytes were collected from 1240 SAFHS participants. A 10 ml blood sample was collected in an EDTA tube and used immediately for isolation of lymphocytes with Histopaque (Sigma Chemical Co., St Louis, MO, USA). The lymphocyte pellet was washed and frozen in 1 ml of RPMI-C containing 30% fetal bovine serum and 10% dimethyl sulfoxide and stored at -80 1C for further isolation of total RNA.
Total RNA isolation Total RNA was isolated from the lymphyocyte samples using a modified procedure of the QIAGEN RNeasy 96 protocol for isolation of total RNA from animal cells using spin technology (QIAGEN Inc.; Valencia, CA, USA). The freeze medium supernatant solution was aspirated and the pelleted buffy coat samples were resuspended in 250 ml of QIAGEN's QIAzol RNase inactivating cell lysis reagent solution. Total RNA yield and purity were determined spectrophotometrically using the NanoDrop ND-1000 (Wilmington, DE, USA). Integrity of resuspended total RNA was determined by electrophoretic separation and subsequent laser induced florescence detection using the RNA 6000 Nano Assay Chip Kit on the Bioanalyzer 2100 using the 2100 Expert software (Agilent Technologies, Waldbronn, Germany). Total RNA integrity was scored by an RNA integrity number, which provides a standardized score on a scale of 1-10. A total of 500 ng total RNA was dried down using an Eppendorf Vacufuge Concentrator 5301 (Eppendorf, Hamburg, Germany) and stored at À20 1C prior to anti-sense RNA (aRNA) synthesis, amplification and purification.
Anti-sense RNA synthesis, amplification and purification Anti-sense RNA was synthesized, amplified and purified using the Ambion MessageAmp II Amplification Kit (Ambion; Austin, TX, USA) following the Illumina Sentrix Array Matrix 96-well expression protocol (Illumina Inc.; San Diego, CA, USA). First strand cDNA synthesis was reverse transcribed by resuspending 500 ng of total RNA with a T7 Oligo(dT) primer using an Applied Biosystems 9700 thermal cycler (Applied Biosystems). Secondly, addition of a reverse transcription master mix using Array Script was added to each sample and then incubated at 42 1C for 2 h. Second strand cDNA synthesis was performed using DNA polymerase and RNase H by adding a second strand cDNA master mix to the existing first strand cDNA master mix.
Synthesized cDNA samples were purified using QIAGEN's QIAquick 96 PCR purification supplementary protocol for spin technology and dried down using an Eppendorf Vacufuge Concentrator 5301.
Biotin-16-UTP (Roche, Mannheim, Germany) labeled aRNA was synthesized using Ambion's proprietary MEGAscript in vitro transcription technology and T7 RNA Polymerase. A volume of 10 ml of aRNA synthesis in vitro transcription master mix was added to the dried purified cDNA samples. This proprietary technology results in thousands of aRNA copies being generated for each mRNA molecule in a single sample. Purification of aRNA samples was performed using QIAGEN's RNeasy 96 protocol for RNA cleanup using spin technology. Changes were made to the two elution steps of QIAGEN's aRNA purification protocol. The first eluate was used for a second elusion, resulting in a more concentrated sample. Anti-sense RNA total yield and purity were determined spectrophotometrically and stored prior to sample hybridization.
Sample hybridization to illumina beadchip
Hybridization of aRNA to Illumina Sentrix Human Whole Genome (WG-6) BeadChips and subsequent washing, blocking and detecting were performed using Illumina's BeadChip 6 Â 2 protocol. Purified aRNA (1.5 mg) was resuspended in RNase free water and then added to a hybridization mix of pre-warmed Hyb E1 buffer (Illumina) and formamide. aRNA samples (with hybridization mix) were denatured by heating prior to dispensing them onto Illumina's Sentrix Human WG-6 (6 Â 2) BeadChip, which were housed within specifically designed hybridization cartridges. Hybridization cartridges, with BeadChips were placed on a rotary wheel for 16-20 h at 55 1C to allow hybridization of aRNA to the oligo substrate. The Illumina Sentrix Human WG-6 BeadChips were washed (E1BC Solution Buffer), blocked (E1 Buffer), signal detected, washed again and then dried prior to scanning. Sample signal detection was developed with the addition of streptavidin-Cy3 (Roche).
Sample scanning and detection Samples were scanned on the Illumina BeadArray 500GX Reader using Illumina BeadScan image data acquisition software (v 2.3.0.13). The resistin mRNA probe was GI_13435379-S. Illumina BeadStudio software (v 1.5.0.34) was used for preliminary data analysis, with a standard background normalization, to generate an output file for statistcial analysis. To assess quality metrics of each days run, several quality control procedures were implemented. A control RNA sample was analyzed with each daily run. The Illumina BeadStudio software was used to view control summary reports, scatter plots of the control RNA day-to-day and scatter plots of daily run samples. The scatter plots calculated an r 2 correlation coefficient value. Viewing the scatter plots allowed for daily quality control. This allows for the identification of variation in signal intensity, hybridization signal, background signal and the background to noise ratio level for all samples analyzed on a given day (Gö ring et al., 2007) .
Statistical genetic analysis
All statistical analyses on related individuals were performed using the variance components-based approach implemented in the software package SOLAR v.4.0 (Almasy and Blangero, 1998) . Heritability analysis was performed by decomposing the phenotypic variance into independent genetic and environmental components, assuming an additive model of gene action and expected kinship coefficients based on the observed intra-familial relationships.
The probabilities of identity-by-descent allele sharing among pairs of related individuals were computed by the Markov chain Monte Carlo approach implemented in software package Loki (Heath, 1991) using the genotypes at all linked markers jointly in the computations. The Cross-species replication of a resistin mRNA QTL ME Tejero et al software SOLAR was used to perform a multipoint linkage analysis of RETN expression levels adjusted for sex and age. Maximum likelihood marker allele frequencies (Boehnke, 1991) were used, and the genetic map was based on the one developed by deCODE genetics. We performed linkage analysis to map the genetic factors that influence the expression level of RETN. The baboon genome-wide scan for adipose tissue levels of RETN mRNA and protein levels used the same analytical approach and is described in detail elsewhere (Tejero et al., 2005; Proffitt et al., unpublished) .
Results
Heritability of human RETN mRNA levels in lymphocytes was 41.7%. Descriptive data of the analyzed sample is shown in Table 1 . A highly significant LOD score of 10.72 was detected on chromosome 19p13 for RETN mRNA levels in lymphocytes using sex and age as covariates (Figure 1 ). The maximum linkage signal for the human RETN expression in human lymphocytes was found between markers D19S1034 and D19S586 (Figure 2a) . The strongest positional candidate gene in this region is the resistin gene itself. These results suggest that RETN expression may be cis-regulated, meaning there are variants in or near the resistin gene that influence the abundance of its mRNA. A secondary signal suggestive of linkage was found on chromosome 8 (LOD score ¼ 2.1) between markers D8S1099 and D8S1106. Previously, we reported that the heritability of baboon resistin mRNA levels in omental adipose tissue was 0.19 (P ¼ 0.02). Linkage analysis identified a significant LOD score of 3.8 on chromosome 19p between markers D19S226 and D19S431 (Figure 2b ) (Tejero et al., 2005) . Human resistin protein was measured in a sub-sample of 549 participants from the original study. This trait was heritable (h 2 ¼ 0.44, P ¼ 1.19 Â 10 À8 ) and significant linkage was found for circulating resistin levels on chromosome 14q with a LOD score of 5.36 between markers D14S606 and D14S611 (Figures 3 and 4) In a previous study, our group reported a significant heritability (h 2 ¼ 0.71, P ¼ 2.9 Â 10 À10 ) for the levels of baboon resistin protein. A maximum LOD score of 4.0 was found on chromosome 18p for this phenotype. The peak was located 36 cM from pter, between markers D18S475 and D18S172 (Proffitt et al., unpublished) .
Discussion
Human leukocytes are a source for resistin production (Yang et al., 2003) . In the present study, the expression levels of human resistin transcripts in lymphocytes seemed to be regulated by the same gene region that influenced its expression in omental adipose tissue in baboons (Tejero et al., 2005) . As described by Rogers et al. (2000) the baboon orthologue of human chromosome 19 exhibits the same order among microsatellite markers that is found in the human genome. According to results in both species, the genetic variation influencing the expression of resistin mRNA is located in the 19p13 region, where the RETN gene is located, suggesting that the regulatory element is cis-acting. A previous study identified a single nucleotide polymorphism in the RETN gene associated with resistin mRNA expression levels in human adipose tissue (Smith et al., 2003) . Genetic variation in the RETN has been found in association with obesity (Engert et al., 2002) and type 2 diabetes (Ma et al., 2002; Wang et al., 2002) . Obesity and diabetes related phenotypes, such as sum of skinfolds, leptin levels and percentage body fat, have been linked to this region on chromosome 19 (Chagnon et al., 2001) . The functional variant responsible for the resistin cis-eQTL identified in our study remains to be elucidated.
We identified a suggestive QTL for human lymphocyte RETN mRNA expression on chromosome 8p (Figure 1) . QTLs has been reported in this same human chromosomal region for the related phenotypes of body mass index, fat mass and severe obesity (Mitchell et al., 1999; Stone et al., 2002; Perusse et al., 2005) . This chromosomal region harbors the b-3 adrenergic receptor, which has been associated with obesity-related phenotypes including body mass index, fat mass, waist circumference and D19S591  D19S1034  D19S586  D19S840  D19S714  D19S410  D19S925  D19S433  D19S75  D19S587  D19S178  D19S246  D19S601  D19S589  D19S418  D19S254   0  10  20  30  40  50  60 Cross-species replication of a resistin mRNA QTL ME Tejero et al body weight in human populations (Mitchell et al., 1999; Perusse et al., 2005) . Recently, a gene-cluster polymorphism on 8p23.1 has been associated with low gene copy number of human b-defensin 2, which increases predisposition to Crohn's disease, an inflammatory condition (Fellermann et al., 2006) . No evidence for linkage of RETN mRNA levels was found on chromosome 8 in the baboon study.
The chromosome 14q region that includes our QTL for circulating resistin levels in the SAFHS has also been linked to leptin (LOD 2.5) (Hsueh et al., 2001) , body mass index (LOD 2.2) (Wu et al., 2002) and a phenotype identified as obesity-INS (LOD 2.4). This composite phenotype resulted from factor analysis in a human study on the metabolic syndrome (Kraja et al., 2005) . Our QTL region for circulating baboon resistin levels is orthologous to human chromosome 18p. (Proffitt et al., in review) .
The genetic and physiologic similarity between baboons and humans has been demonstrated in various studies (Rogers et al., 2000; Banks et al., 2003; Tejero et al., 2004 , Chavez et al., 2008 . The similarity in the genomes between these two species permits replication of results (Rogers et al., 2000) . A previous replication of linkage between the two species has been found using the bone marker osteocalcin, a protein used as a serum marker of osteoblast activity. An earlier human study identified significant linkage to markers D16S753 and D16S771 on chromosome 16q11.1-16q13 (Mitchell et al., 2000) .This region was replicated in a genome scan in baboons (Havill et al., 2005) .
Peripheral cells express a large proportion of the genes encoded in the human genome including some transcripts considered to be tissue specific, and it is believed to be a possible surrogate tissue for expression of genes in other tissues (Liew et al., 2006) . A recent study by Stentz and Kitabchi (2007) has shown that gene expression in lymphocytes and muscle were comparable in type 2 diabetic subjects, and genes involved in the insulin signaling process were reduced in both tissues as compared with matched-non diabetic controls. A study Cross-species replication of a resistin mRNA QTL ME Tejero et al by de Mello et al. (2008) indicated that changes in peripheral blood gene expression are responsive to metabolic conditions due to weight loss. Further investigation is required to evaluate the usefulness of gene expression in circulating cells as a potential indicator of gene expression and/or metabolic changes in other tissues. In our study, resistin mRNA levels were linked to homologous regions in humans and baboons, despite the use of different tissues and analytical methods. This observation may be specific for cis-acting elements and supports the future study of gene expression across other tissues and species. According to our observations, different genes may influence the abundance of RETN mRNA from those that influence circulating protein levels in both humans and baboons. Although our identified eQTL may be cisacting, interestingly, QTLs linked to the circulating protein levels differ in their chromosomal location between humans and baboons, possibly indicating that different or multiple genes are involved in post-translational processing.
Overall, the present study presents novel data on the genetics of resistin expression in two species. Our results support the usefulness of the baboon as a model for the study of genetic factors in complex diseases, and represents one step toward the exploration of the transcriptome of peripheral cells as an indirect measurement for gene expression in other tissues. The anatomical, physiological and genetic similarity between humans and baboons allows for the comparison of the gene expression profiles between circulating cells and other tissues difficult to ascertain such as internal organs or the central nervous system. Further studies are required to establish the applicability of these findings.
